Plasmacytoid dendritic cells (pDCs) play a crucial role in antiviral innate immunity through their unique capacity to produce large amounts of type I interferons (IFNs) upon viral detection. Tripartite motif (TRIM) proteins have recently come forth as important modulators of innate signaling, but their involvement in pDCs has not been investigated. Here, we performed a rationally streamlined small interfering RNA (siRNA)-based screen of TRIM proteins in human primary pDCs to identify those that are critical for the IFN response. Among candidate hits, TRIM8 emerged as an essential regulator of IFN regulatory factor 7 (IRF7) function. Mechanistically, TRIM8 protects phosphorylated IRF7 (pIRF7) from proteasomal degradation in an E3 ubiquitin ligase-independent manner by preventing its recognition by the peptidyl-prolyl isomerase Pin1. Our findings uncover a previously unknown regulatory mechanism of type I IFN production in pDCs by which TRIM8 and Pin1 oppositely regulate the stability of pIRF7.
INTRODUCTION
Type I interferons (IFNs) are the main orchestrators of the antiviral innate immune response. Their expression is induced following the recognition of pathogen-associated molecular patterns (PAMPs) by several classes of pattern recognition receptors (PRRs), including Tolllike receptors (TLRs) and RIG-I-like receptors (1) . Intracellular signaling pathways downstream of PRRs lead to the phosphorylation of IFN regulatory factor 7 (IRF7) and IRF3, thus promoting their dimerization and translocation to the nucleus where they activate the transcription of type I IFN genes.
IRF3 and IRF7 share some structural and functional similarities, but they hold widely distinct roles in the systemic response to infection. While the expression of IRF7 requires the previous activation of IRF3 in most cell types, it is ubiquitously and constitutively expressed in plasmacytoid dendritic cells (pDCs), a rare DC subtype that plays a pivotal role in immunity (2, 3) . Constitutive IRF7 expression allows pDCs to rapidly produce large amounts of type I IFN in response to viruses, making them a professional type I IFN-producing cell type that accounts for most circulating type I IFN during an antiviral innate immune response (2, 3) .
pDCs are activated following the sensing of viral RNA or DNA by TLR7 and TLR9, respectively. PAMP detection causes the adaptor protein MyD88 to engage a multiprotein signaling complex composed of IRAK1, IRAK4, TRAF6, and IKKa. The recruitment of IRF7 to this complex triggers its phosphorylation, dimerization, and translocation to the nucleus (4). These signaling pathways are tightly regulated at multiple levels both by potent activators that implement a rapid and robust IFN response following infection and by equally potent inhibitors that prevent an exacerbated or prolonged activation that may lead to adverse pathogenic effects (5, 6) .
Proteins of the tripartite motif (TRIM) family have recently emerged as potentially important regulators of innate immune pathways. TRIM proteins are a large family of E3 ubiquitin ligases that share an N-terminal TRIM composed of a RING domain, one or two B boxes, and a coiled coil domain (7, 8) . Among the 75 human TRIM proteins, some have been described as critical immunoregulatory proteins, acting at multiple steps of signaling pathways (9) (10) (11) (12) . However, although the implication of a few TRIM proteins has been extensively studied and validated in appropriate primary cells and/or in mouse models, the comparative profiling of all TRIM proteins in the relevant type I IFNproducing cells in vivo has not been performed. We report here the results of the first small interfering RNA (siRNA) screen performed in human primary pDCs, which allowed us to identify TRIM8 as an essential positive regulator of the virus-induced IFN response. TRIM8, TRIM20, TRIM21, TRIM22, TRIM28, TRIM36, TRIM38,  TRIM46 , and TRIM49 identified as potential regulators of IFN response in human pDCs Because human primary pDCs account for less than 0.5% of peripheral blood mononuclear cells (PBMCs), a comprehensive siRNA screen of the entire TRIM protein family cannot be achieved on single blood donors. Therefore, to perform a rationally streamlined screen of TRIM proteins that could conceivably be implicated in TLR downstream signaling cascade in pDC, we first determined which TRIM family members are constitutively expressed in human pDCs. We purified primary human pDCs from the blood of three healthy donors ( fig. S1A ) and performed a systematic transcriptional profiling of all TRIM genes by reverse transcription-quantitative polymerase chain reaction (RT-qPCR) ( Table 1 ). Our results indicated that, among the 75 known TRIM genes, only 18 are expressed at detectable levels under steady-state conditions (Fig. 1A) . Among them, TRIM8, TRIM22, and TRIM28 had the highest constitutive expression in resting pDCs.
RESULTS
Next, we investigated which TRIM genes are induced in pDCs following activation by RNA viruses and could thus be involved in a feedback loop to control the signaling pathway leading to IFN production. Primary pDCs were stimulated with HIV-1 or influenza A virus (IAV), which potently activate pDCs through TLR7 within endosomes (13, 14) . The triggering of the TLR7/IRF7 signaling pathway was monitored by measuring both intracellular (Fig. 1B) and secreted ( Fig. 1 , C and D) type I IFNs, which indicated that both viruses achieved comparable levels of activation at the doses of inoculum used. As previously reported, activated pDCs produce large amounts of type I IFNs but no IFN-g (Fig. 1C) (3) . We then performed the transcriptional profiling of all 75 TRIM genes in HIV-or IAV-activated pDCs purified from the blood of three individual donors. We quantified simultaneously the expression of 114 genes, including 6 housekeeping genes, 17 IFN-induced genes (ISGs), 16 virus-induced cytokines and chemokines, and the 75 human TRIM genes ( Table 1) . As shown in Fig. 1E , while most tested cytokines, chemokines, and ISGs were highly induced by both viruses, less than half of TRIM transcripts were up-regulated by either HIV-1 or IAV, and only a handful were induced by both. Among them, TRIM20, TRIM36, TRIM46, and TRIM49 had the strongest activation profiles, ranging from 6-fold (TRIM49) to 107-fold (TRIM20) increase upon HIV-1 infection and from 9-fold (TRIM46) to 44-fold (TRIM20) increase following IAV detection (Fig. 1E and fig. S1B ).
These profiling experiments allowed us to streamline our analysis to seven key TRIM proteins that were either expressed at high constitutive levels (TRIM8, TRIM22, and TRIM28) or induced following viral activation (TRIM20, TRIM36, TRIM46, and TRIM49) in human pDCs. These TRIM proteins identified as the most relevant to pDC biology could constitute potential regulators of IFN production in virus-activated pDCs. On the basis of the abundant literature on TRIM proteins, we added two other candidates to our short list, TRIM21 and TRIM38, which were moderately up-regulated by both viruses, by four-and twofold, respectively (Fig. 1E ). Although their function was not investigated in pDCs, their mode of action suggests that they Table 1 . List of the 114 transcripts simultaneously quantified by RT-qPCR profiling, including 6 housekeeping genes (1 to 6), 75 TRIM genes (7 to 81), 17 ISGs (82 to 98), 9 IFNs (99 to 107), and 7 inflammatory cytokines or chemokines (108 to 114). For each transcript, the official name, the alias name, if any, and the RefSeq accession number are indicated. Fig. 1 . Constitutively expressed and virus-induced TRIM genes in human primary pDCs. (A) Systematic analysis of constitutive expression of all human TRIM genes in pDCs by RT-qPCR analysis. Data represent the mean ± SD of independent experiments performed in duplicate on purified pDCs from three different blood donors. Red arrows point to TRIM genes that are constitutively expressed at detectable levels above the geometric mean of the six different housekeeping genes (2 −DCt > 1).
(B) Purified pDCs were stimulated overnight with HIV-1 MN AT-2 or influenza A virus (IAV). Cytokine secretion was blocked for 12 hours using BFA at 1 mg/ml. Intracellular IFN-a was measured by fluorescence-activated cell sorting (FACS) after fixation and saponin permeabilization. (C and D) IFN secreted in the culture medium by virus-activated pDCs was titrated using two different techniques: The concentration of IFN-a2, IFN-b, and IFN-g was quantified by the multiplex bead-based immunoassay LEGENDplex (BioLegend) (C), or global (type I and type II) IFN activity was quantified using the STING-37 reporter cell line, which expresses luciferase under the control of five IFN-stimulated response elements (ISRE) (D). (E) Purified pDCs from three donors were activated with HIV-1 MN AT-2 or IAV for 16 hours, and the transcriptional profiles of 114 genes [6 housekeeping genes, 17 IFN-induced genes (ISGs), 16 virus-induced cytokines and chemokines, and the 75 human TRIM genes] were analyzed simultaneously by RT-qPCR. The expression of each transcript was normalized to the geometric mean of a set of stably expressed reference genes (SDHA, PPIB, TBP, POLR2A, PPIA, and B2M). Data represent the mean of three independent experiments performed in duplicate on purified pDCs from different blood donors. Values were converted to log 2 and represented as heat maps. Raw data are shown in fig. S1B .
could be relevant negative regulators of IFN response. In particular, TRIM21 was described as a negative regulator of IRF7 (15), whereas TRIM38 was found to promote TRAF6 degradation (16) .
TRIM8, TRIM20, TRIM22, TRIM28, and TRIM36 are regulators of IFN response in virus-activated human pDCs To determine the role of the selected TRIM proteins on innate signaling pathways downstream of TLR7, we performed an siRNA-based screen using a robust method that we published previously (17) . Purified pDCs from three blood donors were transfected with each TRIMspecific siRNA pool and treated with HIV-1 or IAV to trigger an IFN response. An siRNA directed against IRF7 was used as control, because IRF7 silencing abolishes IFN production in pDCs (17) . All targeted transcripts were knocked down, with mean efficiencies ranging between 60 and 75% ( fig. S1C ). We first evaluated the effect of TRIM knockdown on type I IFN transcription by RT-qPCR. While TRIM21, TRIM46, and TRIM49 knockdowns did not affect the transcription of type I IFN genes, silencing of TRIM20, TRIM22, TRIM28, and TRIM36 led to a significant increase in IFN response in response to both HIV-1 and IAV (Fig. 2,  A and B) . TRIM8 knockdown virtually abolished IFN-a and IFN-b transcription to the same extent as IRF7 silencing (Fig. 2, A and B) . These results were confirmed at the protein level by titrating IFNs in the culture supernatant of virus-activated pDCs (Fig. 2C) . Together, our siRNA screen led to the identification of TRIM20, TRIM22, TRIM28, and TRIM36 as negative regulators of IFN response in human pDCs, whereas TRIM8 was the only positive regulator identified. These results are summarized in Fig. 2D .
TRIM8 is a nuclear protein that is required for pIRF7-induced IFN production in pDCs The fact that TRIM8 knockdown almost completely abolished IFN production was notable and suggested that TRIM8 could act as an essential positive regulator of the antiviral response. To gain understanding of the components of the signaling cascade that TRIM8 might engage with, we first examined its subcellular localization in primary human pDCs. We observed that TRIM8 is predominantly expressed in the nucleus in both resting and IAV-stimulated pDCs, suggesting that viral activation does not induce its relocalization (Fig. 3, A and B) . Because the signaling cascade leading to the activation of IRF7 takes place exclusively in the cytoplasm, the nuclear localization of TRIM8 suggested that it might be involved in nuclear steps following the nuclear translocation of phosphorylated IRF7 (pIRF7) dimers and before the nuclear export of type I IFN transcripts (18) . Stimulation of pDCs with IAV led to IRF7 phosphorylation ( Fig. 3C ) and translocation into the nucleus (Fig. 3A) , where it was found to colocalize with TRIM8 with a Mander's coefficient of 0.7 ± 0.2 (Fig. 3D) . Furthermore, while the amount of IFN-a and IFN-b secreted by IAV-activated pDCs was markedly inhibited (Fig. 3 , E and F), TRIM8 knockdown also led to a profound decrease of the amount of pIRF7 (Fig. 3G) , further suggesting that TRIM8 might stabilize pIRF7 in the nucleus. In the organism, pDCs can protect surrounding cells from viral infections through the secretion of type I IFNs. Because TRIM8 knockdown causes a marked decrease of IFN production by activated pDCs, it is also likely to inhibit their antiviral functions. To formally demonstrate this, we showed that pDCs transfected with a nontargeting siRNA and activated with the TLR7 agonist R848 can protect autologous PBMCs from IAV infection, whereas TRIM8-silenced pDCs cannot (Fig. 3H) . While TRIM8 appears essential for IFN response in pDCs, we also found that its expression was down-regulated following viral activation (Fig. 1E) . We further confirmed this observation by showing that TRIM8 expression is diminished upon activation of pDCs with either HIV or IAV both at the mRNA (6 hours after stimulation; Fig. 3I ) and at the protein level (24 hours after stimulation; Fig. 3J ), thus suggesting that TRIM8 expression is regulated by a negative feedback loop.
TRIM8 stabilizes pIRF7 through an E3 ubiquitin ligase-independent mechanism
To obtain mechanistic insight into the regulatory role of TRIM8, we took advantage of a simpler and more versatile cell model, human After IP using anti-Flag antibodies, TRIM8 was detected using anti-V5 antibodies. (F) HEK293T cells expressing Flag-pmIRF7 were transfected with either a nontargeting siRNA (CTR) or an siRNA targeting TRIM8 for 48 hours. Six hours before cell extraction, cells were treated with MG132 to block proteasomal degradation. Expression of Flag-pmIRF7 and TRIM8 was assessed by Western blot using anti-Flag and anti-TRIM8 antibodies, respectively. (G) Lysates from HEK293T cells cotransfected with Flag-pmIRF7, V5-TRIM8, and empty vector (EV), HA-Ub (wt), HA-Ub (K48), or HA-Ub (K63) plasmids were subjected to IP with anti-Flag antibody followed by Western blot analysis with anti-Flag, anti-V5, or anti-HA antibodies. (H) HEK293T were cotransfected with Flag-pmIRF7 and HA-Ub (K63) or HA-Ub (K48) plasmids and with nontargeting control (CTR) or TRIM8-specific siRNA. After 48 hours, whole-cell lysates were subjected to IP with anti-Flag antibody followed by Western blot analysis with anti-Flag, anti-TRIM8, and anti-HA antibodies. (I) Flag-pmIRF7-expressing HEK293T cells were transfected with V5-TRIM8 wt, V5-TRIM8 mutant C15S/C18S/C35S/C38S (V5-TRIM8 C4S), or empty vector. After 48 hours, cell extracts were subjected to Western blot analysis using anti-Flag or anti-V5 antibodies. All panels show typical results representative of at least two independent experiments. embryonic kidney (HEK) 293T cells, in which TRIM8 was also identified as an enhancer of innate immune signaling (11) . Although IRF7 is not constitutively expressed in HEK293T cells, its expression can be induced to pDC levels by pretreatment with IFN-a (19) or by transfection of an expression plasmid. Because HIV-1 and IAV either do not trigger a sufficiently robust IFN response or induce cytotoxicity in this cell type, activation of innate immune pathways was achieved by infection with a defective-interfering Sendai virus (SeV) (Fig. 4A ) (20) . In this model, TRIM8 silencing strongly reduced the amount of pIRF7 following SeV infection (Fig. 4A) , confirming the phenotype observed in pDCs upon HIV-1 and IAV treatment. Furthermore, because SeV specifically activates RIG-I (20), these results indicate that the effect of TRIM8 on pIRF7 is independent of the upstream pathway that leads to its activation. Next, we evaluated the effect of TRIM8 expression on a phosphomimetic IRF7 mutant (Flag-pIRF7 S477D/S479D), which is constitutively active and can thus stimulate IFN expression in the absence of viral infection (21) . TRIM8 silencing also led to a lower expression of phosphomimetic IRF7 (Fig. 4B) , confirming that TRIM8 is likely to act directly on the activated form of IRF7 that translocates to the nucleus upon PAMP detection. Conversely and as expected, TRIM8 overexpression increased the proportion of phosphorylated form of endogenous IRF7 upon SeV infection ( Fig. 4C ) as well as the amount of phosphomimetic IRF7 (Fig. 4D ). In contrast, TRIM8 overexpression did not increase the amount of pIRF3, thus pointing out the specificity of TRIM8 for pIRF7 (Fig. 4C) .
Having confirmed that TRIM8 increases the amount of pIRF7 in both pDCs and HEK293T cells, we addressed how this is achieved. First, we showed that TRIM8 and pIRF7 can be efficiently coimmunoprecipitated (Fig. 4E ), indicating that the nuclear colocalization of TRIM8 and pIRF7 (Fig. 3B) corresponds to a physical interaction between the two proteins. Next, we demonstrated that the decrease in pIRF7 expression following TRIM8 knockdown could be reversed by a proteasome inhibitor, indicating that TRIM8 stabilizes pIRF7 by preventing its degradation (Fig. 4F) .
Because most regulators of innate immune signaling pathways of the TRIM protein family act through the E3 ubiquitin ligase activity of their RING domain (10), we addressed whether the stability of pIRF7 might be regulated by ubiquitination. We therefore tested the propensity of pIRF7 to be ubiquitinated by K48-linked polyubiquitination, which typically targets proteins for proteasomal degradation, or by K63-linked polyubiquitination, which tends to promote stability and activity (22, 23) . HEK293T cells overexpressing exogenous pIRF7 were transfected with ubiquitin mutants K48 and K63, which contain arginine substitutions of all lysine residues except at positions 48 and 63, respectively (Fig. 4G ). The appearance of ubiquitin chains was assessed specifically on immunoprecipitated pIRF7. Following IP with anti-HA antibodies, pmIRF7 was revealed using an anti-Flag antibody. (B) HEK293T cells were transfected with Flag-pmIRF7 and with nontargeting (CTR) or Pin1-specific siRNA, as indicated. Pin1 and pIRF7 expression was assessed by Western blot using anti-Pin1 or anti-Flag antibodies, respectively. To follow the phosphorylation of endogenous IRF3 as an internal control, cells were also infected with SeV for 6 hours before preparing the extracts, and the expression of IRF3 and pIRF3 was assessed by Western blot. (B) and (C) show typical results representative of at least two independent experiments. (C) Pin1 expression was silenced in HEK293T cells using siRNA, while endogenous IRF7 expression was induced by 1000 IU of IFN-a2. Cells were then infected with SeV for 6 hours, and the amount of pIRF7 was evaluated by flow cytometry. Graph shows the mean of three independent experiments ± SD. Statistical significance (P value) was determined by Student's t test. *P < 0.05. (D) HEK293T cells were transfected with a nontargeting (CTR) or a Pin1-targeting siRNA. IRF7 expression was induced by a 16-hour treatment with 1000 IU of IFN-a2, and activation of IRF7 was triggered by SeV infection. The expression levels of pIRF7, IRF7, and Pin1 were assessed by Western blot at different time points after infection, as indicated. (E) Human pDCs from two different donors were transfected with nontargeting siRNA (CTR) or with a Pin1-specific siRNA. Twentyfour hours after transfection, cells were stimulated with HIV-1 for 16 hours, and IFN-a2 and IFN-b mRNA was quantified by RT-qPCR. The results shown are mean ± SD. Statistical significance (P value) was determined by Student's t test. ***P < 0.001. Data are representative of three independent experiments.
Results suggested that pIRF7 can undergo both K48 and K63 polyubiquitination, leading to its degradation and stabilization, respectively. Overexpressing TRIM8 led to a markedly increased amount of pIRF7 in all conditions (Fig. 4G, Input) , as anticipated, and as a consequence, the amount of K48-and K63-linked ubiquitin upon pIRF7 immunoprecipitation (IP) was higher (Fig. 4G , IP: Flag). This suggested that TRIM8 stabilizes pIRF7 independently of its ubiquitination status. Likewise, TRIM8 knockdown triggered pIRF7 degradation in K63-Ub-overexpressing cells (Fig. 4H, Input) , and this led to an apparent decreased level of K63-linked ubiquitination of pIRF7 (Fig. 4H , IP: Flag). In cells expressing K48-Ub, which favors pIRF7 degradation, the lower expression of pIRF7 was not further reduced upon TRIM8 knockdown, and no obvious difference in ubiquitination level was observed. Together, these results suggested that pIRF7 polyubiquitination is unlikely to be mediated by TRIM8.
The E3 ubiquitin ligase activity of TRIM proteins is conferred by their RING domain. Therefore, to further demonstrate that the presumed E3 ubiquitin ligase activity of TRIM8 is not implicated in the stabilization of pIRF7, we tested a mutant of TRIM8 in which four of seven cysteine residues that constitute the RING finger domain have been mutated (TRIM8 C4S mutant). As anticipated from the above ubiquitination experiments, the TRIM8 C4S mutant was still able to stabilize pIRF7, thus indicating that TRIM8 acts through an E3 ubiquitin ligase-independent mechanism (Fig. 4I ).
TRIM8 prevents Pin1-induced degradation of pIRF7
Although it is unusual to identify a TRIM protein that regulates innate immune signaling independently of its E3 ubiquitin ligase activity, alternative mechanisms have been reported for TRIM21 (24) and TRIM19 (25) , which enhance type I IFN expression by preventing the recognition of pIRF3 by Pin1 (26) . Pin1 is a peptidyl-prolyl cis/ trans isomerase that specifically recognizes phosphorylated Ser/ThrPro motifs and catalyzes the isomerization of the peptide bond, thus affecting the fate of phosphoproteins and, in consequence, the amplitude and duration of biological responses (27) .
Because IRF7 has not been described as a Pin1 substrate, we focused on determining whether Pin1 can bind to pIRF7 in cells and how this interaction affects pIRF7 function. First, we found that pIRF7 coimmunoprecipitated with Pin1 when both proteins were overexpressed in HEK293T cells, suggesting that pIRF7 could be a Pin1 substrate (Fig. 5A) . This was further confirmed by functional experiments, because the knockdown of Pin1 led to a marked accumulation of pIRF7 in cells transfected with the phosphomimetic mutant (Fig. 5B) and increased the amount of endogenously IFN-induced pIRF7 following SeV infection (Fig. 5, C and D) . Last, we showed that Pin1 silencing also potentiated the expression of IFN-a and IFN-b transcripts in HIV-stimulated primary pDCs (Fig. 5E) . Together, these results suggested that Pin1 can promote a shutdown of IFN expression by inducing pIRF7 degradation, as previously described for pIRF3 (26) .
Having established that pIRF7 is a Pin1 substrate, we tested whether TRIM8 might stabilize pIRF7 by preventing its Pin1-induced degradation. Because we showed that both TRIM8 (Fig. 4E) and Pin1 (Fig. 5A) can bind to pIRF7, we first asked whether these can attach simultaneously or rather compete with each other for binding to pIRF7. We performed competition experiments between TRIM8 and Pin1 to bind pIRF7 by transfecting increasing amounts of TRIM8 in Pin1-and pIRF7-expressing HEK293T cells. Increasing TRIM8 predictably intensified the pIRF7 band but diminished the amount of Pin1 that was coimmunoprecipitated with pIRF7 ( Fig. 6A) , while silencing of TRIM8 allowed a better interaction between Pin1 and pIRF7 (Fig. 6B) , which combined indicated that TRIM8 interferes with the ability of Pin1 to associate with pIRF7.
To determine which domain of TRIM8 was implicated, we tested a series of TRIM8 deletion mutants for the ability to pull down pIRF7. All mutants maintained the capacity to bind pIRF7 and Pin1 with the notable exception of the TRIM8 DRING mutant, indicating that the RING domain was implicated in its interaction with pIRF7 (Fig. 6C) . Accordingly, the DRING mutant lost the ability to stabilize pIRF7 in cotransfection experiments, confirming that the propensity of TRIM8 to bind pIRF7 is responsible for its ability to stabilize it (Fig. 6D) .
Last, to confirm the mechanism of action of TRIM8 in more physiologically relevant cells, we investigated the fate of pIRF7 in primary monocyte-derived DCs (MoDCs) upon SeV infection. We show that, whereas Pin1 and TRIM8 interact in inactivated cells, this interaction is lost upon viral-induced phosphorylation of IRF7 in favor of a pIRF7-TRIM8 interaction (Fig. 6E) . Furthermore, as already shown in HEK293T cells, we confirm in MoDCs that TRIM8 knockdown diminished the amount of pIRF7 but favored its interaction with Pin1 (Fig. 6F ). These observations performed on endogenous proteins in primary cells further confirm that TRIM8 protects pIRF7 from Pin1 recognition and subsequent degradation.
TRIM8 knockdown diminishes the IFN response in a zebrafish model of chikungunya virus infection
To confirm the role of TRIM8 in an in vivo context, we turned to zebrafish using the chikungunya virus (CHIKV) infection model, which has been shown to induce a strong type I IFN response (28) . In the absence of a functional adaptive immune system during the first week of embryonic development, the immune protection of zebrafish larva exclusively relies on innate immunity, which makes them a model of choice to study antiviral innate immunity. Furthermore, zebrafish have orthologs of both IRF7 and Pin1 (29, 30) . To facilitate the quantification of IFN responses in this model host, we generated a new transgenic reporter zebrafish line, with a membrane-targeted mCherry under the control of the zebrafish MXA promoter.
The zebrafish genome contains two TRIM8 co-orthologs named trim8a and trim8b (31). To assess them functionally, we designed antisense morpholinos (MOs) targeting essential splice sites. Injection of either of these MOs to one-cell stage had no visible impact on larval development, yet efficient knockdown was achieved for both genes ( fig. S2) .
We injected Tg(MXA:mCherry) reporter larvae with either trim8-specific MOs and infected them with CHIKV-GFP (green fluorescent protein) at 3 dpf (days postfertilization). Imaging larvae after 48 hours revealed the expected strong induction of the MXA reporter, particularly in the liver and gut, consistent with previous ISG expression patterns (Fig. 7A) (28) . While trim8a-depleted larvae showed a response of the same magnitude as controls, the reporter induction was reduced by half in trim8b-depleted larvae (Fig. 7, A and B) . Because the IFN response is required for zebrafish larvae to resist CHIKV infection (32), we measured disease scores at 72 hours after infection. We observed that trim8b morphants, but not trim8a morphants, were significantly sicker than controls (Fig. 7C ).
Viral burden, as measured by qPCR or GFP fluorescence, tended to be higher in trim8b morphants, but this did not reach statistical significance. We reasoned that this could be due to a compensatory effect, as zebrafish larvae express two type I IFN genes in response to CHIKV, ifnphi1 and ifnphi3 (28). We found that trim8b knockdown preferentially affected ifnphi1 mRNA levels compared to ifnphi3 (Fig. 7D) , thus suggesting that ifnphi3-null zebrafish mutants would provide a more appropriate background to test the impact of trim8b knockdown on viral infection. We therefore injected control or trim8b MOs in homozygous ifnphi3-null zebrafish mutant and infected them with CHIKV-GFP. While ifnphi3 −/− fish injected with a control MO still resisted the infection, the trim8b-depleted ones had a significantly higher disease score (Fig. 7E) , reminiscent of IFNR-deficient larvae (32) , and a significantly higher viral burden, as measured by GFP fluorescence (Fig. 7, F and G) or RT-qPCR (Fig. 7H) . These results indicate that in vivo, in the developing zebrafish, TRIM8B positively regulates type I IFN responses and contributes to resistance to viral infection.
DISCUSSION
Over the past decade, an abundant literature described the involvement of various TRIM proteins as positive or negative regulators of innate signaling pathways, leading to the expression of IFNs and inflammatory cytokines (9, 10, 12) . Very few studies, however, evaluated their implication in relevant human primary innate immune cells (11) .
To evaluate whether some TRIM proteins are key regulators of the IFN response in vivo, we decided to investigate the consequences of their knockdown on the most relevant cell type, namely, pDCs, which are professional type I IFN producer cells.
We conducted a systematic transcriptional profiling of 75 TRIM genes in human primary pDCs in steady-state conditions and upon viral activation, and performed an siRNA screen on relevant candidates. The expression profiles that we obtained revealed that only a small fraction of TRIM genes are expressed in resting pDCs. Similarly, although a large proportion of TRIM genes were reported to be induced by IFNs in immune cells (33, 34) , here we found that only a limited number of them were actually turned on by RNA viruses in primary pDCs. Hence, the profiling of TRIM expression patterns in pDCs allowed us to better appreciate which family members might be implicated in the IFN response in vivo. In particular, we identified five TRIM proteins that potently regulated IFN response in pDCs by either suppressing signaling downstream of TLR7 (TRIM20, 22, 28, and 36) or promoting IFN production (TRIM8).
Some hits that were obtained here corroborate previous results obtained in cell lines. For instance, TRIM28 was previously found to inhibit IRF7 by promoting its SUMOylation in HEK293T cells (35) . However, neither TRIM38, which was found to promote TRAF6 degradation in murine macrophages (16) , nor TRIM21, which was involved in the inhibition of IRF7-driven IFN-a induction in HEK293T (15), was identified as negative regulators of IFN expression in our pDC screen. Conversely, none of the four TRIM proteins that we identified as potent negative regulators in pDCs (TRIM20, 22, 28, and 36) were found to regulate innate immune response when overexpressed in HEK293T cells (11) . The different cell types or stimulations that were used might explain the discordant phenotypes, and experiments in human pDCs may more closely reflect the IFN response in vivo. TRIM8 was the only TRIM protein that we found to act as a positive regulator of innate immune signaling in human pDCs. IFN response in TRIM8-silenced cells was reduced at comparable levels to IRF7 knockdown cells, thus suggesting that TRIM8 is not only a positive regulator but also an essential cofactor of IRF7. Thus, our results identified TRIM8 as the first TRIM protein whose expression is crucial for pDCs to mount an efficient antiviral innate response. Despite the recent profusion of research on TRIM proteins, the only other example of a TRIM family member playing an essential role on an innate immune pathway is TRIM25, a key regulator of RIG-I signaling (36) .
TRIM8, also known as GERP, for glioblastoma-expressed RING finger protein (37) , is a highly conserved protein implicated in many biological processes, including carcinogenesis and inflammation (38) (39) (40) (41) . In particular, TRIM8 was found to regulate various signaling pathways through direct interaction with key effectors including SOCS-1 (42), PIAS3 (43), or TAK1 (41) . TRIM8 knockout mice were recently shown to exhibit exacerbated innate immune and inflammatory responses following TLR3 or TLR4 activation, thus suggesting that TRIM8 could also play a negative role on TLR3/4 downstream signaling pathways (44) .
Using a zebrafish model of CHIKV infection, we showed here that the human TRIM8 ortholog TRIM8B is also an important mediator of IFN response in a teleost fish. Our in vivo loss-of-function approach corroborates previous findings based on in vitro overexpression assays in another fish species (45) . This role of TRIM8 is thus evolutionary ancient, highlighting its significance. Although IRF7 has a unique ortholog in fish, the existence of pDCs in adult fish is still uncertain (29) . They are known to be absent in larvae, where their key IFNexpressing role is taken up by neutrophils (32) . ifnphi1-expressing zebrafish larval neutrophils express irf7 at a high level, whereas ifnphi3 is preferentially induced in nonhematopoietic cells (32) . The fact that the impact of trim8b knockdown is stronger on ifnphi1 than on ifnphi3 induction is consistent with an irf7-dependent function of TRIM8B, although further work will be required to formally determine whether TRIM8 expression and activity is restricted to specific IFN-expressing cell types in fish.
In primary human pDCs, we showed that TRIM8 knockdown inhibits virus-induced type I IFN gene expression by reducing the amount of the activated form of IRF7, pIRF7. Because TRIM8 is almost exclusively nuclear, we therefore hypothesized that it may act directly on pIRF7 in the nucleus. We confirmed that TRIM8 colocalizes with pIRF7 in the nucleus of activated pDCs, and further showed that TRIM8 binds to pIRF7 and protects it from proteasomal degradation in HEK293T cells. Surprisingly, although most of the TRIM proteins act through their capacity to promote K48-or K63-linked polyubiquitination of proteins (46), we determined that pIRF7 stabilization by TRIM8 was independent of its putative E3 ubiquitin ligase activity. Our results show that TRIM8 rather protects pIRF7 from degradation by preventing its recognition by Pin1.
Pin1 specifically recognizes phosphorylated Ser/Thr-Pro motifs and catalyzes the isomerization of the peptide bond, thus affecting the function and/or the stability of target proteins (27) . Pin1 was identified as a "molecular switch" that modulates the fate of phosphoproteins and therefore the amplitude and duration of a biological response (27) . Although many cellular substrates have been reported for Pin1, particularly oncogenes and tumor suppressor proteins involved in cell cycle regulation, this is a demonstration that pIRF7 is also a Pin1 substrate.
Some interesting parallels with pIRF3 may be derived from our understanding of pIRF7 regulation and are consistent with the high structural homology shared by the two IRF proteins. Our results showed that Pin1 regulates the stability of pIRF7 by promoting its degradation by the proteasome. Similarly, Pin1 also targets pIRF3 (26) and is thought to bring about changes in its conformation that induce its ubiquitination and subsequent degradation by the proteasome (26) . Furthermore, our data revealed that the negative regulation of pIRF7 by Pin1 is kept in check by TRIM8, which competes with Pin1 for binding to pIRF7, hence promoting the stability and activity of pIRF7, as shown in HEK293T as well as in primary MoDCs. Likewise, TRIM19 (promyelocytic leukemia protein, or PML) and TRIM21 were both shown to prevent pIRF3 recognition by Pin1, thus preventing its degradation (24, 25) . TRIM19 sequesters Pin1 within PML nuclear bodies (25) , whereas the mode of action of TRIM21 may involve preventing the interaction between Pin1 and pIRF3 (24) or promoting the K48 polyubiquitination of pIRF3 (47, 48) . Although Pin1 can bind both pIRF3 and pIRF7, the effect of TRIM8 is IRF7 specific and does not promote the stabilization of pIRF3.
As the master regulator of type I IFN response, IRF7 expression and activation are tightly regulated by diverse mechanisms acting on multiple steps of the signaling cascade (18) . First, IRF7 is not constitutively expressed in most cell types but only induced upon viral infections. Second, unlike its closest relative IRF3, IRF7 has a very short half-life (49) . The only cells that constitutively express high levels of IRF7 are pDCs, but they are very rare and also have a short half-life (50) . Last, IRF7 is subjected to multiple layers of regulation, including transcriptional, translational, and posttranslational (18) . In particular, phosphorylation, ubiquitination, SUMOylation, and acetylation of IRF7 have been described as possible controls of its activity and stability (18) . However, no mechanism had been identified to regulate the stability of the active form of IRF7, pIRF7, to either promote or shut down its activity. Our work identified Pin1 as a terminator of pIRF7-driven type I IFN production and TRIM8 as a Pin1 competitor that protects pIRF7 from Pin1-induced degradation, thus introducing a new mode of regulation to IRF7-dependent IFN production. While TRIM8 emerged as a necessary mediator of virus-induced IFN response in pDCs, our results show that its expression is eventually down-regulated following viral activation, thus suggesting that TRIM8 is regulated by a negative feedback loop. The complexity of the molecular mechanisms developed by cells to regulate IFN expression highlights the fact that a tight control of IFN production is crucial for the organism (6) . Given the key role of IRF7 in IFN response and the unique potency of pDCs to secrete large amounts of IFNs in response to viral infections, it is not surprising to find particularly effective and complex regulation mechanisms in these cells.
MATERIALS AND METHODS
Plasmids pRK5 plasmids encoding hemagglutinin (HA)-tagged ubiquitin wild-type (wt), K48, and K63 were provided by T. Dawson (Addgene plasmids #17605, #17606, and #17608) (51) . Flag-tagged IRF7 wt was purchased from GenScript, and the phosphomimetic Flag-IRF7 (S477D/S479D) was from John Hiscott Pasteur Laboratories (Istituto Pasteur Fondazione Cenci Bolognetti, Rome, Italy) (21) . HA-Pin1-expressing plasmid was provided by H.-Y. Kao (Research Institute of University Hospitals of Cleveland, Cleveland, OH). Human fulllength TRIM8 complementary DNA (cDNA) was isolated from human cDNA library using standard PCR techniques and was subsequently cloned into pcDNA3.1D/V5-His-TOPO plasmid (Invitrogen). The TRIM8 RING mutant C15S-C18S-C35S-C38S was generated by sitedirected mutagenesis using the GeneArt Site-Directed Mutagenesis System (Thermo Fisher Scientific). Myc-GFP-tagged TRIM8 deletion mutants were provided by G. Meroni (Department of Life Sciences, University of Trieste, Trieste, Italy).
Viruses
Inactivated AT-2 HIV-1 MN was provided by J. D. Lifson (SAIC-NCI, Frederick, MD) (52) and was used at p24 CA equivalent (60 ng/ml) to activate 5 × 10 4 human pDCs. Infectious human influenza A/Victoria/ 3/75 (H3N2) virus was used at 1 plaque-forming unit (PFU)/cell to activate pDCs. For IAV infection of human PBMCs (Fig. 3G) , we used the IAV Victoria-NanoLuc reporter virus, which has been previously described (53) . Briefly, the porcine teschovirus P2A sequence and the NanoLuc luciferase gene were introduced in the A/Victoria/3/75 polymerase acidic protein gene. IAV challenges of PBMCs were performed using 2.5 × 10 4 PFU/well of virus (corresponding to a multiplicity of infection of 0.28). Defective-interfering H4 SeV was provided by D. Garcin (Department of Microbiology and Molecular Medicine, University of Geneva, Geneva, Switzerland) and used at 50 hemagglutination units (HAU)/ml (20) . Immunoprecipitations Cells were lysed in IP lysis buffer containing 50 mM tris-HCl (pH 7.4), 150 mM NaCl, 1 mM EDTA, 1% Triton X-100, EDTA-free protease inhibitor cocktail (Roche), and 1 mM phenylmethylsulfonyl fluoride. Cell lysates were incubated overnight at 4°C with anti-Flag M2, anti-HA, or anti-c-Myc agarose affinity gel antibody (Sigma-Aldrich) or anti-IRF7 or anti-Pin1 antibodies and protein G Sepharose beads (Thermo Fisher Scientific). Beads were washed three times and eluted with 2× SDS loading buffer. For immunoblotting, proteins were resolved by SDS-polyacrylamide gel electrophoresis and transferred onto a nitrocellulose membrane.
Blood samples, isolation, and culture of human primary cells Blood from healthy HIV-1-seronegative blood donors was obtained from "Etablissement Français du sang" (EFS Pyrénées-Méditerranée, convention #21PLER2016-0083, and EFS Cabanel, convention #07/ CABANEL/106). PBMCs were isolated by density centrifugation with Lymphoprep medium (STEMCELL Technologies). pDCs were purified by negative selection using the Human Plasmacytoid DC Enrichment Kit (STEMCELL Technologies). Cells were cultured in RPMI 1640 (Gibco) containing 10% fetal bovine serum (Gibco). After purification, purity of pDCs was higher than 90%.
For experiments on MoDCs, monocytes were isolated from PBMCs using CD14 MicroBeads (Miltenyi Biotec). Usual purity was >95% CD14 + . Human MoDCs were generated by incubating purified monocytes in Iscove's Modified Dulbecco's Medium (IMDM) supplemented with 10% fetal calf serum (FCS), 2 mM L-glutamine, penicillin (100 IU/ml), streptomycin (100 mg/ml), 10 mM Hepes, 1% nonessential amino acids, 1 mM sodium pyruvate, and cytokines GM-CSF (granulocyte-macrophage colony-stimulating factor) (500 IU/ml) and IL-4 (interleukin-4) (500 IU/ml) (both from Miltenyi Biotec). The obtained immature MoDCs were harvested at days 5 and 6 and phenotyped by flow cytometry before experimental use.
RNA silencing
All siRNAs were purchased from Dharmacon as pools of four individual siRNAs (ON-TARGETplus SMARTpool). Transfections of pDCs with siRNA were performed using DOTAP (Sigma-Aldrich), as previously described (17) . Transfections of siRNA into HEK293T cells were performed using HiPerFect Transfection Reagent (Qiagen), according to the manufacturer's instructions. Transfection of MoDCs with siRNA was performed using INTERFERin (Polyplus-transfection), according to the manufacturer's recommendations.
Quantification of secreted IFN
Total IFN secreted by pDCs was titrated on STING-37 reporter cells, which correspond to HEK293 cells stably expressing an IFN-stimulated response element (ISRE)-luciferase reporter gene (54) . A standard curve was established by applying known titers of recombinant human IFN-a2a (R&D Systems) onto STING-37 cells. Luciferase induction in STING-37 cells was determined using the Bright-Glo reagent (Promega), according to the manufacturer's recommendations. Quantification of individual IFN subtypes (IFNa2, IFN-b, IFN-g, IFN-l1 , and IFN-l2/3) was performed using the LEGENDplex Kit from BioLegend (human antivirus response panel), according to the manufacturer's recommendations.
Cell culture and transfections HEK293T cells were obtained from the American Type Culture Collection. HEK293T and STING-37 cells were cultured at 37°C and 5% CO 2 in Dulbecco's modified Eagle's medium containing 10% FCS, supplemented with 1% penicillin-streptomycin (Thermo Fisher Scientific). Transient plasmid transfections were performed using FuGENE 6 (Promega), following the manufacturer's instructions.
Immunofluorescence
Purified pDCs were washed in ice-cold 0.2% phosphate-buffered salinebovine serum albumin (PBS-BSA), plated on poly-D-lysine-coated slides, and fixed with 4% paraformaldehyde. Cells were permeabilized with 90% ice-cold methanol for 5 min at −20°C and, after washing, incubated with Alexa Fluor 488 mouse anti-IRF7 (pS477/pS479) and rabbit anti-TRIM8 antibody in saturation buffer PBS-BSA (0.5%) for 1 hour. Cells were then washed in saturation buffer and incubated with secondary antibody anti-mouse-AF488 and anti-rabbit-AF546 for 30 min at 4°C. Last, slides were washed in PBS and mounted in Fluoromount-G with 4′,6-diamidino-2-phenylindole (DAPI) medium (Thermo Fisher Scientific). Images were acquired using a Zeiss LSM 710 confocal microscope equipped with a PL APO 63×/1.4 oil objective. All analyses were performed using the ImageJ software (National Institutes of Health, Bethesda, MD, USA). Mander's coefficients were calculated using the JACoP plug-in in ImageJ.
RT-qPCR profiling
We designed custom RT 2 Profiler PCR arrays (Qiagen) to quantify simultaneously the expression of 75 human TRIM genes, 33 control genes (including IFNs, known ISGs, cytokines, and chemokines), and 6 housekeeping genes. The complete list of the 114 screened transcripts is shown in Table 1 .
Briefly, total RNA from pDCs isolated from three blood donors and incubated or not for 16 hours with either HIV-1 or IAV was reversetranscribed using the RT 2 First Strand Kit (Qiagen). PCRs were performed using the RT 2 Realtime SYBR Green qPCR Mastermix (Qiagen), following the manufacturer's instructions on a LightCycler 480 instrument (Roche Diagnostics). Relative expression of each target transcript was normalized to the geometric mean of the six housekeeping genes (SDHA, PPIB, TBP, POLR2A, PPIA, and B2M) and following the 2 −DDCt method.
Other RT-qPCR analyses Total RNA was extracted using an RNeasy Micro kit and submitted to deoxyribonuclease (DNase) treatment (Qiagen), following the manufacturer's instructions. RNA concentration and purity were evaluated by spectrophotometry (NanoDrop 2000c, Thermo Fisher Scientific). RNA (500 ng) was reverse-transcribed with both oligo dT and random primers using the PrimeScript RT Reagent Kit (Perfect Real Time, Takara) in a 10-ml reaction. Real-time PCRs were performed in duplicate using Takyon Rox SYBR MasterMix dTTP Blue (Eurogentec) on an Applied Biosystems QuantStudio 5 instrument. Transcripts were quantified using the following program: 3 min at 95°C followed by 35 cycles of 15 s at 95°C, 20 s at 60°C, and 20 s at 72°C. Values for each transcript were normalized to expression levels of RPL13A (60S ribosomal protein L13a) using the 2 −DDCt method. Primers used for quantification of transcripts by real-time qPCR were indicated as follows: RPL13A, 5′-AACAGCTCATGAGGCTACGG-3′ (forward) and 5′-TGGGTCTTGAGGACCTCTGT-3′ (reverse); IFN-a2, 5′-CTTGACTTGCAGCTGAGCAC-3′ (forward) and 5′-GCTCACC-CATTTCAACCAGT-3′ (reverse); IFN-b, 5′-TGCTCTCCTGTTGTG-CTTCTC-3′ (forward) and 5′-CAAGCCTCCCATTCAATTGCC-3′ (reverse); TRIM8, 5′-CTGCCGTGCAAACACAACTTC-3′ (forward) and 5′-TCCACGATGTTGGTGAGCTTC-3′ (reverse); Pin1, 5′-GAGA-AGATCACCCGGACCAA-3′ (forward) and 5′-AAAGTCCTCCTC-TCCCGACT-3′ (reverse).
RT-qPCR in zebrafish: Each point in Fig. 7 (D and H) corresponds to an individual larva. Expression levels of each transcript were normalized to expression levels of Ef1a. The following primer sequences were used, as previously described in (32): Ef1a, 5′-GCTGATCGTTG-GAGTCAACA-3′ (forward) and 5′-ACAGACTTGACCTCAGTGGT-3′ (reverse); Ifnphi1 (secreted isoform), 5′-TGAGAACTCAAATGT-GGACCT-3′ (forward) and 5′-GTCCTCCACCTTTGACTTGT-3′ (reverse); Ifnphi3, 5′-GAGGATCAGGTTACTGGTGT-3′ (forward) and 5′-GTTCATGATGCATGTGCTGTA-3′ (reverse); CHIKV-E1 (degenerate to be indifferent to silent mutations), 5′-AARTGYGC-NGTNCAVTCNATG-3′ (forward) and 5′-CCNCCNGTDATYTT-YTGNACCCA-3′ (reverse).
Flow cytometry
For surface staining of BDCA-4 and CD123, pDCs were washed with PBS and incubated for 30 min at 4°C with a viability stain (Zombie Aqua Fixable Viability Kit, BioLegend). Cells were washed with magnetic-activated cell sorting (MACS) buffer (PBS, 2% fetal bovine serum, and 2 mM EDTA) and incubated for 30 min at 4°C with the appropriate antibodies or with the corresponding isotype control antibodies (5 mg/ml each) in MACS buffer containing Fc receptor blockers (BD Biosciences, San Jose, CA).
For intracellular IFN staining, cells were treated with brefeldin A (BFA) at 1 mg/ml for the last 12 hours. Cells were fixed using 2% paraformaldehyde for 10 min at room temperature. After washing the cells with MACS buffer containing 0.1% saponin (Sigma-Aldrich), cells were stained for 1 hour at 4°C in MACS buffer containing 0.1% saponin.
For intranuclear pIRF7 staining, cells were fixed with Fix Buffer I and permeabilized with Perm Buffer III (BD Biosciences), following the manufacturer's instructions. After washing the cells with MACS buffer, cells were stained for 1 hour at 4°C.
Flow cytometry analyses were performed on a BD FACSCanto II flow cytometer using flow cytometry (Diva software, BD Biosciences, San Jose, CA). FlowJo software (Tree Star, Ashland, OR) was used to analyze data.
Generation of transgenic MXA reporter zebrafish
The zebrafish MXA promoter used to drive the specific expression of membrane-targeted mCherry in cells responding to type I IFN signaling was amplified using the upstream primer zMXAP1 (5′-CTAAGATCGAAGCCATCAAGCA-3′) and the zMXAE1N primer matching the start codon of the MXA gene (5′-ATAAGCGGCC-GCTCTCCATCCTTAATAATGTCCAA-3′). The 4.4-kb amplified fragment was digested by Not I and ligated to the coding phase of the farnesylated mCherry protein so that the MXA AUG is in phase with the downstream mCherry-F open reading frame on a I-Sce I meganuclease and Tol2-derived vector pTol2crystDsRedBNmCF, which includes an a-crystallin promoter-driven DsRed transgene to facilitate identification of transgene carriers. The resulting plasmid was injected, together with I-Sce I meganuclease (55) , into embryos at the one-cell stage. Three independent transgenic lines from distinct founders were selected on the basis of red fluorescent protein (RFP) expression in lenses. When injected with recombinant zebrafish type I IFN (IFNf1), all three lines responded in a dose-dependent manner with a similar, gut-preponderant pattern of mCherry expression, although one line displayed a distinctly mosaic expression even at the F2 generation (not shown). We selected the line with the strongest homogeneous reporter expression for further studies to obtain the TG(cryaa:DsRed/MXA:mCherry-F) ump7 transgenic line.
Generation of ifnphi3 mutant zebrafish
The first exon of the ifnphi3 gene was edited using CRISPR technology. A guide RNA targeting the sequence TGGACCTTCACCGTGTGGC-C(TGG) and recombinant CAS9 protein (both from TACGene, France)
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were coinjected in one-cell stage eggs of wt AB zebrafish. F0 animals were raised to adulthood and backcrossed to AB. One F0 founder was found to transmit a mutated allele of ifnphi3 in which the sequence tcaga(ATG)GACCTTCACCGTGTGG, encompassing the predicted start codon of ifnphi3 (in parenthesis), was replaced with ATT. This results in the loss of the first 31 amino acids of the predicted protein, including its leader peptide and the first cysteine involved in a disulfide bridge key for the cytokine structure (56) . One F1 fish bearing this allele, designated ifnphi3 ip7 , was backcrossed to AB, and heterozygous F2 males and females were incrossed to generate homozygous ifnphi3 ip7/ip7 F3 fish. These developed normally and grew in viable and fertile adults. F4 ifnphi3 ip7/ip7 mutants were used to produce the eggs used in that study.
Production and infection of trim8 knockdown larvae We followed previously described methods (57) . Briefly, MXA reporter adults were outcrossed with wt AB zebrafish and eggs were injected at the one-cell stage with 1 nl of a 0.5 mM solution of MO (Gene Tools), targeting a trim8a or trim8b splice site ( fig. S2 ) or a control MO with no known target. Eggs were then bleached and incubated in Volvic water at 24°or 28°C, according to the desired speed of development. One day later, 0.003% 1-phenyl-2-thiourea (Sigma-Aldrich) was added to prevent pigmentation; this was kept for all further steps. When the larvae had reached the 3-dpf stage, they were dechorionated if needed, anesthetized with tricaine (Sigma-Aldrich, A-5040), and inoculated intravenously by targeting the large vessels caudal to the cloaca, with 200 PFU of CHIKV-GFP, as described in (32) . After a rinse, these larvae were maintained at 28°C in individual wells of a 24-well plate and inspected at least daily with a stereomicroscope. Quantitative assessment of the clinical status, performed 3 days after inoculation, was based on a precise list of criteria, as previously described (32) . Briefly, clinical signs were assessed blindly, yielding a disease score ranging from 0 (no disease sign) to 15 (dead or terminally ill). The signs evaluated included the following: ability to maintain equilibrium, response to touch, body shape, blood flow, cardiac rhythm, presence of edema, inflation of the swim bladder, and opacity of the yolk.
Quantitative fluorescence imaging of zebrafish MXA reporter: 2 days after virus inoculation, anesthetized larvae were positioned laterally, left flank toward the objective, and imaged with an EVOS FL Auto microscope (Thermo Fisher Scientific) using a 2× planachromatic objective (numerical aperture, 0.06), allowing capture of the entire larva in a field. Transmitted light and fluorescence (Texas red cube) images were taken. They were further processed (superposition of channels, rotation, crop, and fluorescence intensity measure) using Fiji. A rectangular region of interest (ROI) encompassing all body regions posterior to the eyes was defined to measure transgene-associated fluorescence. CHIKV-GFP infection: 3 days after virus inoculation, larvae were mounted as above and imaged with EVOS using transmitted light and GFP fluorescence cubes and processed as described above. The percentage of GFP-positive pixels was determined with Fiji by setting a threshold of intensity yielding <0.02% positive pixels in uninfected controls.
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